ABSTRACT The Indianmeal moth, Plodia interpunctella, is a serious pest on dried fruit and oil-rich food products, such as pet food, cereals, ßour products, and candy bars. We examined the P. interpunctella oviposition on unscreened food dishes with whole-wheat kernels treated with one of 18 different oils diluted in hexane (oil-treated) compared with a second unscreened food dish with whole-wheat kernels treated with hexane only (control). For eight of the 18 oils, the same two-choice experiment was conducted with screened food dishes. We concluded that (1) total oviposition was signiÞcantly lower when food dishes were screened compared with experiments with unscreened dishes; (2) using unscreened food dishes, P. interpunctella females laid signiÞcantly more eggs in 17 types of oil-treated wheat compared with dishes with control wheat kernels; and (3) using screened food dishes, P. interpunctella females only laid signiÞcantly more eggs in walnut oil-treated wheat compared with dishes with control wheat kernels. A nine-choice experiment was conducted in a large arena with unscreened food dishes, in which one dish contained control wheat kernels and eight other food dishes contained wheat treated with different oils. In the nine-choice experiment, P. interpunctella females showed the strongest response to wheat kernels treated with oil from walnut. This study provides the basis for chemical identiÞcation of oviposition stimulants for P. interpunctella from food oils.
LOCATION OF SUITABLE OVIPOSITION sites by female Lepidoptera is very important for the survival of their progeny (Renwick and Chew 1994) , and lepidopteran females assess the suitability of oviposition sites based on chemical and physical stimuli. In addition to the importance of olfactory cues in selection of oviposition sites, migration by adult females likely requires some ability to respond to physical or chemical cues associated with a suitable host. Host and environmental stimuli are processed by females according to their maturation stage and behavioral experience (Ramaswamy 1988) . Several important reviews describe evolution (Thompson and Pellmyr 1991) , behavior (Renwick and Chew 1994) , and host range (Powell 1980) related to oviposition by Lepidoptera. Renwick and Chew (1994) considered searching, orientation, and encounter as the Þrst phase in selection of a suitable oviposition site, landing and contact evaluation as the second phase, and acceptance or rejection of the host as the third phase.
The association of some Lepidoptera with stored products is probably more recent in evolutionary history than are host associations for species living on Þeld plants. Naturally occurring host plants for storedproduct moths in the family Pyralidae, the associations with which would have predated current associations with human-stored foods, are not known (Linsley 1944) . Oviposition on bulk stored food items by stored-product moths may not, because of the large amount of stored food available, require the same specialization or discrimination as would oviposition on living plants by other moths. However, results from pheromone-baited trap catches of male pyralids in food warehouses (Campbell et al. 2002) , food processing facilities (Vick et al. 1986 (Vick et al. , 1987 Bowditch and Madden 1996; Doud and Phillips 2000) , and retail stores (Platt et al. 1998 , Arbogast et al. 2000 suggest that these pests are spatially aggregated in association with certain food products in these food facilities. Despite the considerable amount of literature on lepidopteran host-Þnding ecology, most work is based on studies of species associated with living plants, whereas there are limited data about the host Þnding ecology of moths in stored products. More knowledge about pyralid oviposition ecology may likely provide more insight into ways to improve existing integrated pest management strategies by attracting female moths to mass trapping devices or to bait stations contaminated with pathogens or chemical killing agents.
Probably the most simple attractant to several species of pyralid storage moths was described by Chow et al. (1977) and Ryne et al. (2002) , who demonstrated that both sexes of pyralid adults were attracted to water. Some studies indicate that stored-product moths use primary, host-derived, or secondary insectderived chemical cues for long-range and short-range orientation to oviposition sites. Phillips and Strand (1994) studied oviposition in Plodia interpunctella (Hü bner) (Lepidoptera: Pyralidae) and found that (1) females laid signiÞcantly more eggs on dishes with food compared with empty dishes, (2) females ßew upwind in response to food odors, and (3) more oviposition occurred on dishes of food contaminated with conspeciÞc larval secretions than on uncontaminated food. This demonstration of P. interpunctella females responding positively to conspeciÞc larval secretion is consistent with studies of other moths, both from stored products (Corbet 1973) and from wild host plants (Andrews and Barnes 1982 , North and Hart 1983 , North et al. 1993 .
Studies with the naval orangeworm, Amyelois transitella (Walker) (Lepidoptera: Pyralidae), an important Þeld pest of almonds (Curtis and Clark 1979) that persists on the nuts brought into storage (Johnson et al. 2002) , point to the role of host-related oils in oviposition. Haynes and Baker (1989) showed that female A. transitella performed similar anemotactic ßight behavior in response to oil-based host stimuli as do males in response to female-produced sex pheromones. Phelan et al. (1991) demonstrated that fatty acid components of almond oil were required for orientation and ovipositional response of A. transitella. Phelan (1992) subsequently mentioned a putative role of fatty acids in attraction of female P. interpunctella, but details were not provided.
Plodia interpunctella is a fully domesticated cosmopolitan pest of bulk-stored grains, other raw food commodities, and processed food products (Cox and Bell 1991) . A survey of stored-product insect activity in 327 grocery stores in the south-central United States revealed that P. interpunctella was by far the most abundant storage pest in all stores, and it was particularly abundant in pet food sections of these stores (Platt et al. 1998 ). In addition, P. interpunctella is routinely found to infest tree nuts with high oil content, such as walnuts and almonds (Johnson et al. 2002) . We initiated research on oils as ovipositional cues for P. interpunctella to provide information for a broader understanding of the behavior of this species toward our ultimate goal of formulating biologically based control methods. Alternatives to chemical insecticides in stored products are needed to meet future demands for reduced pesticide use and to maintain high food quality (Phillips et al. 2000a) .
In this study we examined the ovipositional responses of P. interpunctella to wheat kernels treated with a variety of oils and presented to moths in various laboratory experiments. Using either screened or unscreened food dishes in separate experiments, we conducted two-choice bioassays to evaluate the ovipositional response to food dishes with either plain whole-wheat kernels or dishes containing wholewheat kernels treated with various oils. In a ninechoice experiment with unscreened food dishes, we simulated a multichoice environment and determined whether P. interpunctella females showed signiÞcant preference for some of the oil-treated wheat kernels.
Materials and Methods
Insects. Plodia interpunctella adults from the laboratory culture at Oklahoma State University, Stillwater, were reared at 16:8 L:D, 28ЊC, and 60 Ð70% RH on a standard diet of corn meal, chick laying mash, chick starter mash, and glycerol, combined in a ratio of 4:2:2:1. Plodia interpunctella pupae were sexed and carefully transferred to individual vials, and the virgin adults were used in experiments within 1Ð2 d after emergence, and these adults were only used once. At the beginning of each bioassay, virgin females and virgin males were introduced simultaneously into the experimental arena according to the given protocol (see below). Our intention was to allow for free ßight and mating within the arena, and no attempts were made to control the mating process or frequency of matings within the 48 h of each bioassay. Although ovipositional response varied considerably among experimental replicates, we believed that this approach would simulate variation in ovipositional behavior in nature. However, to ensure that mating actually had occurred, results from two-choice experiments were included only if all adults in a replicate were alive after 48 h and at least 20 eggs had been laid in the arena.
Food Dishes. Throughout this article, "food dish" refers to a 5-cm-diameter glass Petri dish bottom containing 10 g of either whole kernels of wheat (Tritichum aestivum) treated only with hexane, denoted "control wheat," or kernels treated with one of the following 18 oils diluted in hexane, denoted "oiltreated wheat" (commercial source in brackets): almond (Tree of Life), apricot (Aura Cacia), avocado (Calavo), castor (Home Health Products), coconut (Spectrum naturals), cod liver (Dale Alexander), corn (Pure Wesson), grape seed (Aura Cacia), hemp (Spectrum naturals), light mineral (composed of short-chained hydrocarbons) (Fisher), heavy mineral (composed of long-chained hydrocarbons) (Fisher), olive (Fancifood), peanut (Lou Ana), safßower (Lou Ana), sesame (Loriva), sunßower (Pure Wesson), walnut (Loriva), and wheat germ (Viobin). Although undamaged wheat kernels are a suitable, though low quality, host food for P. interpunctella without adulteration (e.g., Lecato 1976) , our treatment of wheat with oils clearly enhanced oviposition response (see below) and simulated preferred commercial grainbased food products (e.g., pet foods) to which additional oils are routinely added (Cox and Bell 1991) . In addition, food oils are known as important attractants to different stored-product pests (Nara et al. 1981; Mikolajczak et al. 1983 Mikolajczak et al. , 1984 . Oil-treated wheat was prepared immediately before bioassays and consisted of mixing 2.5 ml undiluted oil into 4 ml of redistilled hexane (Ͼ99.9% purity). The solution of oil and hex-ane was added to 150 g wheat (16.7 l oil per gram wheat kernel) and thoroughly mixed with a spatula for 20 s and afterwards shaken by hand in a closed glass jar for 20 s. Oils were stored tightly capped at 5ЊC between uses. Several of the oils had small amounts of solid deposits or were solid at room temperature, so gentle heating in a water bath (40ЊC) was required before diluting them in hexane. Control wheat was also prepared immediately before setting up experiments and consisted of adding 4 ml of redistilled hexane to 150 g wheat and subsequent mixing with a spatula and shaking as described above. To allow evaporation of the hexane, the whole-wheat kernels were kept in open jars for 15Ð20 min before use in bioassays. Subsamples of Ϸ10 g were taken from the 150-g batches of oil-treated and control wheat and transferred to the food dishes.
Two-Choice Experiments. These experiments were conducted in transparent plastic boxes, which measured 17 cm wide ϫ 31 cm long ϫ 8 cm high (volume of 4216 cm 3 ), and two food dishes were placed on top of a Þlter paper inside a 10-cm-diameter glass Petri dish bottom. The ßoor inside the test box was covered with brown craft paper upon which the dishes were centrally placed. We conducted two-choice box experiments in two ways: in which the food dishes were covered with screening to prevent contact, and with unscreened food dishes to allow contact. The screen was a 74-m nylon mesh stretched across and glued onto a plastic ring that was placed over a food dish so that the screen was 3Ð5 mm above the wheat kernels. Moths were prevented physical contact but could respond to olfactory cues from the wheat. Two-choice experiments in plastic boxes lasted 48 h. The number of eggs was determined: (1) on top of the mesh covering the wheat kernels (only in experiments with screened food dishes) or inside the small dishes with the wheat (only in experiments with unscreened food dishes); (2) on the Þlter paper immediately adjacent to the small dish inside the large Petri dish; and (3) on the box ßoor. All craft papers and Þlter papers were changed between experiments. Plastic boxes and plastic ring covers were washed with a weak soap solution, rinsed with dd H 2 O, and air-dried between experiments, whereas glass Petri dishes were similarly washed, sonicated in detergent, rinsed in dd H 2 O, and then oven dried at 70ЊC for 6 h between experiments.
Two separate sets of two-choice experiments were conducted. The series with unscreened food dishes had one dish with untreated wheat and the other dish with wheat kernels treated with one of the 18 test oils. The series with screened food dishes had one dish with control wheat and the other dish with wheat kernels treated with one of the two oils that elicited high ovipositional response (apricot and walnut), one of three oils that elicited intermediate ovipositional response (sesame, light mineral, and peanut), or one of three oils that elicited the low ovipositional response (castor, cod liver, and coconut). Each series also included an experiment in which two dishes of untreated wheat were presented to determine whether total oviposition in a box was affected by the absence of oil. Ten replicates were conducted for each oil and the controls over two or three separate 48-h time periods.
Nine-Choice Experiment. We conducted a ninechoice experiment with unscreened dishes in a large arena in which one dish contained control wheat and the remaining eight dishes contained wheat kernels treated with one of the following oils: walnut, light mineral, apricot, sesame, peanut, castor, cod liver, and coconut. The experiment was conducted in a wind tunnel, typical of those used for moth ßight bioassays (e.g., Haynes and Baker 1989) , which had a square cross section of 0.9 ϫ 0.9 m and was 1.8 m long (volume of 1.5 m 3 ). Both sides and the top were 2-mm thick Plexiglas and the ßoor was an aluminum sheet. An aluminum mesh screen was mounted in front of the fan to keep insects inside the ßight tunnel. Room air entered the ßight tunnel through an aluminum mesh screen at the upwind end, and air was pulled through the tunnel and exhausted out of the room by an electric fan mounted equidistant from the tunnel sides in a sheet-metal reduction plenum. The air-ßow rate inside the tunnel was Ϸ10 cm/s, which is much slower than rates used in typical ßight tests, to avoid accumulation of odors inside the wind tunnel. For each trial, the nine food dishes were randomly arranged in a regular 3 ϫ 3 grid with 20 cm between dishes and between the outer dishes and the sidewalls on the ßoor of the tunnel. Ten virgin P. interpunctella females and ten virgin males, all 1Ð2-days old, were used in each nine-choice test. Each test lasted 48 h and was conducted 12 times with a different group of moths, new oil-treated wheat, and a rerandomization of the position of food dishes in each replicate. The ninechoice experiment was conducted in complete darkness, and temperature and relative air humidity in the room and the wind tunnel were kept at Ϸ25ЊC and 35%, respectively.
Statistical Analysis. In all two-choice experiments, the number of eggs laid in food dishes and on the Þlter paper in the large Petri dish surrounding the food dish were added together before analysis. A replicated G-test (Sokal and Rohlf 1995) was used in the analysis of the dependent relationship of mean number of eggs oviposited in: (1) unscreened two-choice experiments with one food dish containing oil-treated wheat kernels compared with the other dish containing control wheat kernels, and (2) screened two-choice experiments with one food dish containing oil-treated wheat kernels compared with the other dish containing control wheat kernels. The mixed model procedure in PC-SAS 8.0 (SAS Institute 2000) was used to compare the total oviposition (number of eggs in the two food dishes and on the box ßoor combined): (1) among all two-choice experiments with screened food dishes, (2) among all two-choice experiments with unscreened food dishes, and (3) between all two-choice experiments with screened food and all two choice experiments with unscreened food dishes. For the mixed model procedures, speciÞc contrasts were designed to determine (1) the total oviposition in bioassays involving unscreened food dishes with oil-treated wheat compared with the bioassay with two unscreened food dishes of control wheat, (2) the total oviposition in bioassays involving screened food dishes with oil-treated wheat compared with the bioassay with two screened food dishes of control wheat, and (3) the relative ovipositional response to unscreened food dishes in the nine-choice experiment.
Results
Oviposition in Two-Choice Experiments. For each of the 18 oils tested, with the exception of coconut, a signiÞcantly larger number of eggs was laid in unscreened food dishes with oil-treated wheat compared with unscreened dishes containing control wheat (Table 1) . For the Þrst seven of the examined oils listed in Table 1 , the mean proportion of P. interpunctella eggs laid on oil-treated wheat represented Ͼ70% of the total number of eggs in a box, and the mean percentage of eggs laid on the ßoor was below 10% for these experiments. The mixed model procedure determined that total oviposition for different bioassays with unscreened food dishes varied signiÞcantly (F 18,172 ϭ 2.96, P Ͻ 0.001). Boxes with unscreened food dishes containing wheat treated with either olive, avocado, sesame, light mineral, almond, peanut, safßower, grape, or cod liver oils had total oviposition that was signiÞcantly higher than in experimental boxes in which the two food dishes contained untreated wheat kernels (P Ͻ 0.05, Table 1 ).
On the basis of the two-choice experiment with unscreened food dishes, we subsequently conducted the same experiment but with screened food dishes, and we used oils that elicited either high (apricot and walnut), intermediate (sesame, light mineral, and peanut), or low (castor, cod liver, and coconut) relative ovipositional response. When two screened food dishes with either control or oil-treated wheat were examined, there was a signiÞcantly higher mean number of eggs laid only on walnut oil-treated wheat dishes compared with control wheat (P Ͻ 0.01), whereas there was no signiÞcant difference between oil-treated and control wheat with the other oils ( Table 2) . For all two-choice experiments with screened food dishes, the total oviposition in experimental boxes containing oil-treated wheat was not signiÞcantly different from the total oviposition in boxes with two screened dishes of control wheat kernels (F 9,88 ϭ 0.79, P Ͻ 0.64) ( Table 2) .
Overall, the mean total oviposition of P. interpunctella in experiments with unscreened food dishes (74.96 Ϯ 2.79 SE) was signiÞcantly higher than the total oviposition in experiments with screened food dishes (24.05 Ϯ 1.58) (F 1,298 ϭ 212.8, P Ͻ 0.001). In addition, direct contact with the wheat kernels in unscreened dishes reduced the proportion of eggs that were laid on the box ßoors from 0.44 Ϯ 0.03 (SE) in experiments with screened food dishes to 0.08 Ϯ 0.01 in experiments with unscreened food dishes.
Nine-Choice Experiment. Ovipositional response in the nine-choice test varied signiÞcantly among the 12 replicates (F 11,88 ϭ 3.41, P Ͻ 0.001) (Fig. 1) . From contrasting the number of eggs in food dishes with the nine different oil treatments we found that signiÞ-cantly more eggs were laid in food dishes containing wheat treated with walnut oil than in any of the other food dishes (F 1,88 ϭ 5.48, P Ͻ 0.022), whereas the oviposition in all other oil-treated wheat kernels was a Oils are listed in descending order according to the proportion of eggs laid on oil-treated wheat kernels. Names of oils written in bold were also used in two-choice experiments with screened food dishes (see Table 2 ) and in a nine-choice experiment (Fig. 1) .
b Difference between numbers of eggs laid on control wheat and oil-treated wheat was examined with a G-test, and lowercase letters ("a" and "b") indicate signiÞcant difference (P Ͻ 0.01). #, the mean number of eggs laid in the unscreened dishes of control wheat. c A mixed model procedure with contrasts was used to compare the total oviposition in bioassays involving food dishes with oil-treated wheat compared to the bioassay with two food dishes of control wheat; capitalized letters "A" and "B" indicate signiÞcant difference (P Ͻ 0.05).
nonsigniÞcantly different from the oviposition in control wheat kernels.
Discussion
The results presented in this study suggest the following about oviposition stimuli for P. interpunctella: (1) Females lay signiÞcantly more eggs on substrates on which they have direct contact with the host material compared with substrates that are screened from direct contact. (2) Allowing females contact with the host substrate results in a higher total number of eggs deposited during a period of oviposition, regardless of actual placement location of the eggs, compared with the oviposition in the same environments when direct host contact is prevented. (3) Females are better at targeting their oviposition on putative larval food substrates to which they have access, because they laid a signiÞcantly higher proportion of eggs directly on the oil-treated wheat in experiments with unscreened food dishes, compared with experiments with screened food dishes in which many more eggs were laid outside the dishes in nonfood areas. (4) When given a choice among various oils, wheat kernels treated with walnut oil were clearly preferred for oviposition over wheat kernels treated with other oils and control wheat. These results are consistent with the review by Ramaswamy (1988) , who considered stimuli received through contact with the host during the Þnal stages of host selection to be important b Difference between numbers of eggs laid on control wheat and oil-treated wheat was examined with a G-test, and was signiÞcant only for walnut oil (P Ͻ 0.01). #, the mean number of eggs laid in the unscreened food dishes with control wheat c A mixed model procedure with contrasts was used to compare the total oviposition in bioassays involving food dishes with oil-treated wheat compared to the bioassay with two food dishes of control wheat, but no signiÞcant difference was found (P Ͼ 0.05). sources of sensory information for female moths. Our experiments were mostly addressing that stage of host selection when the moth can assess the host on contact. Although we did not investigate olfactory cues that mediate long-range orientation to host substrates, our experiments with screened food dishes suggest that at least walnut oil elicits an ovipositional response by P. interpunctella females via a volatile chemical cues.
When choices between hosts were limited (e.g., in a two-choice experiments) then stimuli from nonfood oils, such as light mineral oil, elicited oviposition. We were initially surprised about the signiÞcant ovipositional response of P. interpunctella females to nearly all tested oils in our unscreened, two-choice tests, especially to oil from a nonhost such as mineral oil (Table 1) . The majority of oils tested were derived from plant seeds or other plant parts, or were of animal origin (cod liver), and could be considered potential hosts given the broad host range and almost scavenger potential (as feeding on dried animal cadavers) of P. interpunctella (Cox and Bell 1991) . However, light and heavy mineral oils are not of biological origin, but rather are derived from petroleum. Our results suggested that mineral oils contain some oviposition stimuli that are the same as or similar to those found in potential hosts for P. interpunctella. Mineral oils contain mixtures of hydrocarbons and are either "heavy" oils of higher viscosity, presumably because of relatively long-chain hydrocarbons, and "light" oils with presumably shorter-chain hydrocarbons (Budavari et al. 1996 ). There should not be any fatty acids, triglycerides, or other oxygenated materials in mineral oils like those found in food oils that are the putative sources of various insect attractants (e.g., Nara et al. 1981 , Mikolajczak et al. 1983 , Phelan et al. 1991 . It is well known that short-and long-chain hydrocarbons present in plant cuticular waxes serve as behavioral stimuli for various insects (Eigenbrode and Espelie 1995) , and some of these same compounds may be found in mineral oil. Plodia interpunctella may oviposit in response to such hydrocarbons because they are structurally similar to oxygenated materials from food oils that elicit oviposition, or in fact may be the same as stimuli they encounter in certain environments. Whatever the case, our data from two-choice and nine-choice experiments suggests that P. interpunctella can discriminate among various types of oil-based stimuli in making oviposition decisions. In the twochoice tests, the variety of stimuli was limited and preference for mineral oil-treated wheat may reßect a strategy to maximize oviposition on a substrate that possesses one or more key stimuli. In fact, such a decision may not be adaptive because mineral oil is likely toxic to developing stored-product moth larvae (Hewlett 1947) . However, when given a choice among numerous potential oviposition substrates, such as in the nine-choice experiment, P. interpunctella females clearly avoided oviposition in some oiltreated foods that were highly favored under twochoice conditions, and the female moths concentrated oviposition on just a few oil-treated foods.
As indicated above, our experiments did not address long-range orientation of female P. interpunctella to oviposition substrates. Test moths were released into boxes and allowed to contact and oviposit on any surface available to them during the test. Directed orientation was not assessed. However, the increased oviposition on screened dishes of wheat treated with walnut oil compared with screened dishes with control wheat suggests that stimuli, most likely volatile chemicals, were perceived at a distance above the food. In an earlier work, Phillips and Strand (1994) showed that female P. interpunctella ßew upwind in response to volatiles from suitable oviposition substrates that incorporate cornmeal-based laboratory rearing diet. Phelan et al. (1991) showed that Amyelois transitella had a strong upwind ßight response to volatiles from "acidulated," or fatty acid-enhanced, almond oil, and Phelan (1992) reported that certain fatty acids were attractive to ßying P. interpunctella females. The walnut oil used in our experiments was "naturally pressed" according to the manufacturer, and thus would likely contain free fatty acids that might be absent in "reÞned" oils. In fact, one of the oils tested that was conÞrmed as being reÞned during processing, which removes free fatty acids, was the coconut oil, and that was the one oil for which moths did not display a signiÞcant preference. Potential exists for identifying long-range attractants, as well as contact oviposition stimulants, from host stimuli such as walnut oil for P. interpunctella females.
IdentiÞcation of attractants and oviposition stimulants for female Lepidoptera is far less advanced than comparable research on male attractants in the form of female-produced sex pheromones. Sex pheromones of stored-product moths are widely used to detect and monitor pest populations, but use of these male attractants to suppress storage moth populations has not been adopted (Phillips et al. 2000b ). Brower (1975) showed that the proportion of P. interpunctella females mated was fairly constant over a range of population sex ratios (male:female) of 1:6 Ð3:1. Thus, male suppression via manipulation with sex pheromones must be substantial to cause a signiÞcant reduction in mating and hence the size of the subsequent P. interpunctella population. However, semiochemicals used for suppression of female moths would probably have much higher impact on pest population dynamics because of immediate reduction of biotic potential with the loss of each female before oviposition. Successful mass trapping as an integrated pest management tool for pyralid storage moths is therefore believed only to be possible with the existence efÞcient female attractants (Ryne et al. 2002 ). An intriguing approach is to develop an oviposition bait composed of female attractants combined with a killing agent for eggs, larvae, and adults (e.g., Phelan and Baker 1987) . Research reported here can serve as the basis for identiÞcation of female attractants toward the development of female monitoring and suppression tools for P. interpunctella.
